The jets driven by magnetic reconnection in laser-plasma interactions are investigated experimentally. The diagnostics in the optical and X-ray ranges provide detailed information about the jet characteristics. The plasma jets perpendicular to and along the target surface are observed clearly, which is evident signatures of laser driven magnetic reconnection. The jet formation is also investigated for different experimental parameters.
Characteristics of Plasma Jets in Laser-

Introduction
Magnetic reconnection (MR) is well recognized as an important plasma process. In this process, the enormous amount of stored magnetic energy is converted to both thermal energy and acceleration of the plasma in a short characteristic time scale. Magnetic field lines are broken and reorganized themselves during MR process to form lower-energy configurations [1] . MR is thought responsible for energizing the universe, which is perceived to occur throughout the plasma universe, particularly for explosive energy release events [2, 3] . Therefore, this process is important to the understanding of many energetic astrophysical phenomena, such as solar flares [4∼6] , anomalous cosmic rays [7] , and star formation [8] . Meanwhile, MR process in laboratory plasma, such as fusion plasma instabilities [9] , and supersonic jet in laser-plasma interactions [10∼13] , is also studied theoretically and experimentally.
The MR topology can be produced in laboratory in Tokamak and high intensity laser facilities [14] . The plasma with self-generated magnetic field is produced when high intensity lasers are focused onto the surface of target [15] . Magnetic field lines of opposite orientation will meet each other in the region between two laser focal spots and produce a laser driven MR (LDMR) topology. NILSON et al. have studied the MR geometry created in the laser-produced plasma. They found that the magnetic fields, jet formation, and high electron temperature are consistent with a MR model rather than a standard hydrodynamic collision in the absence of magnetic fields [10] . They also studied the bidirectional jet formation during LDMR in two-beam laser plasma interactions [11] . BELLAN et al. have created simulations of magnetically driven astrophysical jets in a laboratory experiment, and developed a model to explain the collimation process of jet [16] . With monoenergetic proton radiography method, LI et al. have observed the change of megaguass (MG) -field topology due to MR in laser-produced plasma [17] . Under the criterion of scaling laws, ZHONG et al. reported the well-scaled laboratory experiments that reproduced loop-top-like X-ray source emission by reconnection jets interacting with a solid target [18] . In the meantime, some researchers have focused on the particle acceleration and the formed plasma jet theoretically [19, 20] . FU et al. have studied the process of electron acceleration during collisionless MR [21] . HUANG et al. have carried out theoretical research on the mechanisms of electron acceleration in antiparallel and guide field magnetic reconnection [22] . WANG et al. presented a reconnection event observed by Cluster in the magnetotail. They explored the distribution of electron density and current density, electron pitch angle distribution, energetic electrons and associated waves around the secondary island inside the diffusion region [23] .
In the work reported here, the Shenguang (SG) II high-power laser facility is used to generate MR topology. The jets by LDMR are observed. The characteristics of jets are investigated for different experimental parameters. It is found that for the case with large laser spot separation, the jet along the surface is strengthened due to MR. For the jet perpendicular to the surface, the thickness and material of target play an important role. Thinner and higher atomic material has the advantage to generate longer plasma jets.
Experimental setup and diagnosis
The experiment was performed on the SG II laser facility, at the National Laboratory on High Power Lasers and Physics, Shanghai. Fig. 1 shows the geometric configuration of experimental setup. Eight SG II laser beams are divided into four bunches, which can deliver a total energy of 2.0 kJ in 1 ns. Each bunch consists of two laser beams. The laser was frequency tripled to wavelength of 351 nm. Two synchronized laser bunches separated by 100 µm to 600 µm are then focused onto one side of the target foil, while the other two bunches irradiate symmetrically the other side at the same time. Each bunch is focused to a diameter of 50 µm to 100 µm, giving an incident laser intensity of ∼ 5 × 10 15 W/cm 2 . The foil targets used in our experiment are made by several materials with different atomic numbers, for example aluminium (Al), hydrogen carbonide (CH) and tantalum (Ta). The target foil size is 1, 600 µm × 500 µm with a thickness of 10∼100 µm. The X-ray emission is measured by three X-ray pinhole cameras in the forward, side and reverse directions. The images are taken with 10 µm pinhole filtered with 50 µm of beryllium (Be) allowing all X-ray above 1 keV. Most of the signals from high-energy continuum are time-integratedly recorded on an X-ray film. The recorded signals are most responsive to X-ray in the range of 1∼10 keV. A green laser beam with 120 ps duration, coupled to a shadowgraphy and a Normarski interferometry, was used to diagnose the interactions of plasma. The probe beam was frequency converted to a wavelength of 527 nm, which makes the probe beam isolated from the driven lasers. The resulting interferograms provide a snapshot of the evolution of the plasmas flow, from which the electron density can be inferred.
Results and discussions
Two types of plasma jets are observed in our experiment, as the X-ray images shown in Fig. 2 (a) and (b) [18] . One is perpendicular to the target surface observed in the side direction, and the other is along the target surface observed in the forward direction. The schematic sketches of two-type jets are shown in Fig. 2 (c) and (d). As shown in Fig. 2(c) , the plasma emerges from the target surface when each laser bunch is focused onto the surface. As the two plasmas expand and collide, they stagnate and thermalize in the direction perpendicular to the central axis, while the axial kinetic energy is conserved. This leads to a bulk plasma jet in the direction perpendicular to the surface of target. The plasma jets in the direction along the surface of target can be generated as shown in Fig. 2(d) . Magnetic field lines are illustrated based on the flux surface of the plasma bubbles. Previous simulations and experiments [10, 11, 17, 24] , demonstrate that a MG magnetic field-B can be generated in hot, high-density plasmas by irradiating a solid target using high-power laser beams. As the two plasmas expand laterally and encounter each other with oppositely directed B-field, MR occurs as the B-field topologically rearranged in the diffusion region. Our experimental results show that the jet actions happened at the middle plane of the two laser focus spots, which is also observed by NILSON et al. NIL-SON et al. have stated that in the region of the mag-netic field null, there will be a competition between the thermal plasma pressure and the magnetic pressure. Due to their competition, the formation of LDMR is excited only under certain conditions. For small laser spot separations, the thermal plasma pressure dominates the process, which results in a standard hydrodynamic collision. Upon separating the two laser spots, the thermal plasma pressure reduces at the mid-plane and the ion-dominated stagnation softens. Meanwhile, the MR will play more important role. The MR can be described by the Sweet-Parker model, which is a two-dimensional model that allows oppositely directed magnetic field lines to be brought together by plasma flows. The magnetic field lines change their orientation and the plasma is forced out of the merging region in the form of jets [5] . In the following Table 1 , we have listed the experimental parameters done by other experiments as compared with our experiment [10, 11, 12, 17, 24] . Therefore, it is believed that the plasma jets observed in the two directions in our experiment are excited by LDMR. So, the jet actions can be viewed as the signatures of LDMR. The electron density, n e , has been inferred from the interferograms. To extract the phase data from the interferograms, the interferometrical data evaluation algorithms (IDEA) suite of tools [25] is used. While the expanding plasmas are not perfectly symmetric, the approximation of cylindrical symmetry about the axis defined by the dashed lines in Fig. 3(a) and (c), which is required for the Abel inversion technique, has been assumed to gain some insight into the electron density profiles. Fig. 3(b) and (d) show the two-dimensional electron density maps that are calculated by Abel inverting the interferograms. The length of plasma jet in Fig. 3(a) is about 612 µm. The electron density in the plasma jet is so high that the probe beam can not pass through it. So we can not obtain the electron density inside the jet, but the ambient area. As shown in Fig. 3(b) , the electron density in jet exceeds 6.5 × 10 19 cm −3 , and the electron density in ambient area is about 1 ∼ 3 × 10 19 cm −3 . Compared to jets perpendicular to the target surface, the jets along the target surface have a much lower electron density. In Fig. 3(c) , the fringes are shifted dramatically, which indicates the change of density, but no obvious jet is observed. As shown in Fig. 3(d) , the jet structure indicated by a red dashed box can be observed, and the electron density in this jet is about 2.0 × 10 19 cm −3 , which is little higher than that in ambient area. The electron density in the jet perpendicular to the surface is much higher than that along the surface. The deficit of electron density is believed to arise from the different mechanisms in the two cases. The jet along the target surface is excited by MR, as the magnetic field lines become topologically rearranged, which makes the magnetic energy release into other form. For the jet perpendicular to the surface, the collision between two plasma bubbles, as well as the MR, may also play a role in this process.
The differences between the formations of jet by twobunch and four-bunch lasers are studied carefully. The experimental condition for the case of two-bunch lasers, including the laser parameters and the target, is identical to that for four-bunch lasers shown in Fig. 3(a) . The thickness of Al target is 100 µm. The separation between the focused spots is 400 µm. The delay time of probe beam is 3.4 ns. As shown in Fig. 4 , an obvious plasma jet is observed in the case of two-bunch lasers. The length of the plasma jet is about 554 µm, which is little shorter than the jet shown in Fig. 3(a) . The electron density in jet can not be calculated, because the high electron density prohibits the probe beam to pass through. As shown in Fig. 4(b) , the electron density in jet exceeds 5.5 × 10 19 cm −3 , and the electron density in ambient area is about 0.5 ∼ 2 × 10 19 cm −3 . The cross lines of X-ray radiation in the two cases are compared in Fig. 5 . The black and the red lines represent the X-ray intensities generated by four and two laser beams, respectively. The tendencies of two cross lines are consistent within 3 mm distance from the target surface. Compared with the X-ray signal generated by four-bunch lasers, the maximal of the curve generated by two-bunch lasers is a little lower, which has a smoother decrease in the distance from 0.2 mm to 3 mm. So, there is no obvious difference for X-ray radiation when the lasers are focused onto single or double surfaces. Fig.5 The cross lines of X-ray intensities generated by two and four bunches laser (color online)
For the plasma jet perpendicular to the surface, it is found that the characteristics of jets generated in the two cases exhibit no significant difference. Meanwhile, the X-ray radiations are almost the same whether the lasers are focused onto a single face or double faces. From the discussions above, the jets generated by irradiating on single or double surface are the same in the aspects of the size and the density of jets, and the intensities of X-ray radiations during the MR process.
The characteristics of jet are also investigated for different experimental parameters. Fig. 6 shows the results of the Al foil target interaction taken at 3.4 ns. Fig. 6(a) and (b) are the X-ray pinhole images. The interacting plasmas were created using four heating beams with laser spot separation on the target surface of around 400 µm. The thickness of Al foils are 10 µm (a) and 100 µm (b), respectively. Simulations show that the inflow velocity of thin foils is larger than those of thick one, which will affect the reconnection rate, M = V inflow /V a . In Fig. 6(a) , the jet along the surface impinges the Cu target, which causes a hot Xray source to occur, while a new jet generates from that point of impingement. When the thickness of target is 100 µm, the jet along the surface is too weak to generate a new X-ray source by impinging the Cu target, as shown in Fig. 6(b) . Fig. 7 shows the X-ray images of the interacting plasmas created using heating beams with laser spot separation on the target surface of around 200 µm and 600 µm, respectively. The thickness of Al foils are 100 µm, and the delay time of probe beam is 3.4 ns. When the separation of laser spot is around 200 µm, the jet perpendicular to the surface of target is obvious and stable, but the jet along the surface is so weak that there are only a light spot on the surface of Cu target. For a large separation, 600 µm, the jet along the surface is strong enough to change its direction after impinging the surface of Cu target, as shown in Fig. 7(b) . In the region of MR, there will be a competition between the thermal plasma pressure and the magnetic pressure. For a small laser spot separation, the thermal plasma pressure is believed to dominate the two plasmas interacting process, and a standard hydrodynamic collision takes place, which results in an obvious plasma jet perpendicular to the target surface with high X-ray emission in this direction, as demonstrated in Fig. 7(a) . For a larger laser spot separation, such as 600 µm in our experiment, the influence of thermal plasma pressure becomes weak. The jet perpendicular to the target surface is shorter with decreased X-ray radiation, and the MR plays more important role in this process. As shown in Fig. 7(b) , the jet along the surface is generated with considerable strength, and impinges the pre-set Cu target to induce a hot X-ray source. Therefore, the formation of plasma jet along the surface is dependent on the spot separation.
To study the effects of different materials, besides the Al foil target, Ta and CH foil targets are also employed to generate the jets at 3.4 ns. As shown in Fig. 8 , the thickness of foil targets is 100 µm. The interacting plasmas are created using four heating bunches of laser beams with laser spot separation on the target surface of around 400 µm. The Ta target is a high atomic number material, which can produce more X-ray radiation, as shown in Fig. 8(a) . The use of a low atomic number target (CH) yields a very low X-ray radiation, which is almost not visible with our X-ray diagnostic, as shown in Fig. 8(b) . So, due to the X-ray radiation losses, the higher atomic number targets can produce well-formed jets for a longer time. And it is also expected that the X-ray radiation remains after longer delay time for high atomic number materials, whereas it disappears for CH target and is much lowered for low atomic number materials, such as Al target. 
Conclusions
We have studied the jets generated by LDMR in laser-plasma interactions. The topology of LDMR can be constructed under certain conditions. Two-type jets are observed as the signature of LDMR. One is perpendicular to the target surface, and the other is along the surface. Both the electron density of two type jets is of the order of 10 19 cm −3 . There is no significant difference in the jet formation, whether the laser beams are focused on a single surface or double surfaces of target. The scale of jets, the electron density in jets, and the intensity of X-ray radiated in this process are similar. We also investigate the characteristics of jets for different experimental parameters. The laser spot separation affects the jet obviously. For a large separation, for example 600 µm in our investigation, the MR plays an important role to generate the jet along the surface. The jet generated by LDMR is strong enough to strike the Cu target to result in a new source of X-ray radiation, with the formation of jet from the surface of Cu target. With the separation decreasing gradually, the jet in this direction becomes weaker. In addition, the jet is also considerably influenced by the target materials. For high atomic number material, the jet perpendicular to the surface is longer with higher X-ray radiation.
